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PHOTOMETRIC STUDIES OF SATURN'S RING AND OF ECLIPSES
OF THE GALILEAN SATELLITES

1, INTRODUCTION

Contract NASW-2257 was awarded to IITRI on 1971 June 8 for
~ _photometric studies of Saturn's ring and. of eclipses of Jupiter's.
Galilean satellites. Under the terms of the contract, IITRI
would undertake a program to provide observations, data reduction
and analysis related to the nature of Saturn's ring and to the
composition of the Jovian atmosphere. For the Jovian atmospheric
'measurements, the recently developed Galilean satellite eclipse
teéhnique would be used to infer the optical scattering‘properties
of the atmosphere. During three eclipses, occurring in 1971,
photometry of the refraction tail of the ingress light curves
would be performed in collaboration with Dr. John S. Hall at
Lowell Observatory, Flagstaff, Arizona. For the photometric
study of Saturn's ring, extensive library of calibrated photo-
graphs in the Planetary Research Center, Lowell Observatory would
be used to determine a model of its physical structure. The mean
apparent surface densities of particles in the two major components
of the ring system (rings A and B) would be determined as part of
the ring model. Dr. Michael J. Price would be the key personnel
involved in the contract. The Period of Performance would be
through 1972 May 7, with the Final Report due by 1972 June 7.

2. SATURN'S RING

Reliable data defining the photometric function of the Saturn
ring system, at visual (V) wavelengths, have been interpreted in
terms of a simple scattering medel. Two cléSses of photometric
data were used - observations of the phase effect, and measure-
ments of the surface brightness of the ring system as a function
of planetocentric solar declination angle (i.e., "tilt" angle).
To facilitate the analysis, new photographic photometry of the
ring was carried out utilizing the Lowell Observatory plate

11T RESEARCH INSTITUTE

1



collection. Homogeneous measurements of the mean surface bright-
ness (rings A and B together), covering almost the complete range
in tilt angle, were made. The ring model adopted was a plane-
parallei'slab of isotropically scattering particles; the single
scattering albedo and the perpendicular optical thickness were
both arbitrary. Results indicate that primary scattering is
inadequate to describe the photometric properties of the ring;
multiple scattering predominates for all angles of tilt with
respect to the sun and Earth. In addition, the scattering phase
function of the individual particles is significantly anisotropic;
they scatter preferentially towards the sun. Minimum values for
the single scattering albedo, and for the mean perpendicular
optical thickness (rings.A and B'together) appear to be 0.90 and
unity, respectively. On thevbasis of 'these feSults, all photo-
metric ring models derived to date must be considered invalid.
More thorough interpretation of the ring photometry in terms of
the physical structure of the system is highly problematic, re-
quiring the solution of a complex radiative transfer problem.

At the present time, knowledge of the physical properties of the
ring (including particle size information) is a completely open
question. A preprint of a paper submitted to the Astronomical
Journal ‘'is included as Appendix I. ' '

3. ECLIPSES OF THE GALILEAN SATELLITES

Simultaneous two-color photometry of the Galllean satellites
was carried out at blue (\4500 A) and yellow (A5790 A) ‘wave=
lengths during their eclipses by Jupiter on 1971 March 10
(Ganymede) and on 1971 April 6 (Io and Europa). Observations
were made using the Hall photometer attached to the 72-inch
aperture reflector at Lowell Observatory.

For the Ganymede eclipse, the shape of the ingress light
curve was reliably determined for extinctions up to 9 magnitudes
in both colors. Neither curve showed any evidence of a refrac-
tion tail. The Jovian aerosol haze above the visible cloud
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layer was essentially opaque. The observations have been inter-
preted'in terms of the local optical transmission .properties of
the Jovian atmosphere. At gas number densities~5 x 1018 cm”3,
the maximum photon scattering mean free path at visual wave-
lengths is 47 km atm. Evidence indicates that neither a simple
Vreflecting layer model nor a semi-infiﬁite,‘homogeneous scatter-
ing, haze model provides an adequate physical description of the
-atmosphere. Application of the eclipse technique in 1970 had
shown that the atmosphere should be approximated by a vertically
inhomogeneous scattering model; application in 1971 showed that
the scattering mean free path is dependent on zenographic loca-
tion and probably on time also.  No unique scattering model exists
for the Jovian atmosphere. Obvious profound implications arise,
therefore, for the interpretation of Jovian spectra. Full details
of the observations and their anélysis will be published in the
scientific literature; a preprint of the paper is attached
(Appendix II). ‘

For the Io and Europa eclipse, the seeing conditions did not
permit accurate photometry of the refraction tail during ingress.
Nevertheless, the observation data were sufficiently precise for
new photometric radii for both satellites to be inferred. The
results have been published in the Lowell Observatory Bulletin
(No. 156, Vol. VII, No. 19, pp. 207-210); a copy is attached
(Appendix III),
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ABSTRACT
Reliable data defining the photometric fuaction of the
Saturn ring system at visual (V) wavelengths, are interpreted
terms of a simple scattering mod

e
new photographic photometry of the ring has been carried out

izing the Lowell Observatory plate collection. Homogeneous measure

ments of the .mean surface blthtness\r ngs A and B toget

ering almost the complete range in planetocentric solar declin

ation angle, are presented. The ring moce; adonzed ic a wmlan

parallel slab of isotropically scatte rlng\particles; the sing

scattering albedo and the perpendicular oﬁ%ical cnilckness are

both arbitrary. Results indicate that pri@gry scattering is
e

inadequate to auscrlbe the photometric p e
multiple scattering predominates for all ang
respect to the sun and Earth. In additio t
function of the indivicueal %ar' i
tropic; they scatter pref ﬁ:entially toward
values for the single scactering albedo, and for the mezan
perpendicular optical thickness (rings A and B together)

appear to be 0.90 and unity, res@ectlvely. -Therough interpre
tion of ring photometry in terms of the physical structure of
the system is highly problematic, requiring the solution oI a

complex radiative transier problem.

/

. To facilitate the ana.ysis,
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1. INTRODUCTION

Bobrov (1970) has recently reviewed current knowledge
of Saturn's ring, paying particular attentioca to its histor-
ical development. Modern developments have been reviewed in
more detail by Cook, Franklin, and Palluconi (1971). Zoth
dynamical and photometric studies of the ring system have
been made, but photometry provides the most direct tocnnique
-for inferring its physical structure. Very few reliabl
photometric data exist, however and their interpretation i
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uncertain. Deirmendjian (1969) has critically reviewed stu
of the optical scattering properties of the ring. .

Of the meagre observational data available, the most
useful for studying the optical properties of the ring are
quantitative measurements of its photometric Function and
qualitative estimates of its optical thickness. Unfortunately,
the photometric function is incompletely defined fairly exten-
sive data belno available only Zor visual (V) wavelengtis. Mea-
surements of the surface brightness of the ring system as &
function of phase angle show a pronounced variation, the rinzs
brightening dramatically at opposition. But the phase efiect
is poorly documented, reliable data existing for only cae

en with reswec:

Saturn apparition, when the rings were wide c:

g

4
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to the sun and Earth. Surface brightness measuremen
a function of planetocentric solar declination angle {(i.e.,

the solar illumination angle, or "tilt" angle) nave also been
made. For constant phase angle, the surface brightness of the
ring appears to vary slowly with the solar illuminaticn angle.
Because data are sparse, no useful information exists con-

cerﬁing the variation of the phase effect with tilt angle.

Qualitative estimates of the transmission properties of t
dividual components of the ring system (rings A,B, and C)
been made from visual observations of several stellar occultzicions
and of an eclipse of the satellite Iapetus. The mean perpendicu-
lar optical thickness of the ring system appears to be neav unity.

Historically, the phase effect has been int greted in

—2

terms of mutual shadowing among macroscopic ring particles:

Interpretations have also been made using the Mie theovy of

Precedmg page hlank



scattering, the small particles being

D"F.)

ually within the ring or attached to t S
larger bodies. Explanations have been attempted in tarms of
shadowing within rough surface layers of mac c
Each interpretation has, however, been based
tefing alone. Multiple scattering among the individual particles
has not been seriously considered even thouzh o r
stellar occultations indicate that the ring is no:t
Lumme (1970) has begun investigation of the
ple scattering in determining the photometric properties ¢
ring system. Interpreting the available data on the ., tilt e
terms of an approximate radiative transfer t
multiple scattering is significant in both ri
all solar iilumination angles. For the sing
urm

"bedo of the particles, he derived an o

T}
o
= B

derived for the mean perpendicular ostica S
A and B were 0.30 and 1.25, respectively. Al:chough the anaiy-

sis may be seriously questioned on the gr;unds that the meagre

observatLOﬂal data were overinterpreted, ‘the results remain
provocative. If conflrmed photometric ring models cerived to

date are invalid.

In this paper, the role of multiple sca
gated further. Photometric data on both the 3!
effects are analyzed in terms of a simple scattering mcdel.

ig invzsti-
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To facilitate the investigation, new photographic photometry
of the tilt effect has been carried out. '

2. OBSERVATIONAL DATA

2.1. Phase Effect _

Reliable photo;lect'ic/photooranﬁic photometry of the
phase =ffect has been carried out by Fran\llﬁ and Cook (1965).

‘Accurate measurements of the apparent blue(B) and visual (V) magni-
tudes of Saturn's ring as a funccion of phase vangle were made.
Note, however, the important errata discussed by Cook, Frauklin,

and Palluconi (1971). The data cover almost the complete range in
\

3
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phase angle (0°-6°) accessible from Earth. TDuring the course
of the observations, the planetocentric declinations of the
sun and Earth remained nearly constant near -26(+ 0.5) degrees.
To faciliicate the comparison of theory with observation, their
viéual_photometric data were converted to intensity measure-

ments. By means of standard photometric reduction techaniques,

values of I/F were derived, I t..ing the mean swecific inten-
sity of the ring surface, and nf b
It was assumed that all light from th
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buted by rings A and B, ring C meking a negl
Separation of the individual contributions of rings A and B ¢
the total brLOHtﬂess of the system was consi idered to ba -
uncertain. Rings A and B were therefore treated tog

sions for rings A and B, and the apparent visuval (V) magni-
tude of the sun, were taken from Allen (1963); geomicrical

information was obtained from The American Enhemeris and Nzutical

Almanac, 1959. 1I/F values were corrected to equal planetocen-

tric declination angles of the sun and Earth using the mezlod
discussed in Section 3. The data were not, however, ¢

a constant soiar illumination angle because its veriatlon during
the course of the observations was considered negligibie. Fo o
venience in the subsequent &nalysis, we will assume that the
planetocentric declination oI the sun was constant a: the crposi-

4]
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tion value (-26°230). Final values for I/F, denotec IO/F,

plotted as a function of phase angle ¢, in Fig.l.

2.2 Tilt Effect

Observational data defining the variation in the sur-

face brightness of the Saturn ring system with planetocentric
solar declination angle are meagre and imprecise. To date, onl
two sets of measurements, both based on photozraphic photometr
alone, have been published. Camichel (1958) determiuied the sur-
face brightness of each of the individual ring components, A and
B, at visual (yellow) wavelengths for southerly planetocentric
solar dec;lnat}ons in the range 3-26 degrees. But coverage was
uneven and incémplete. During the 1966 Saturn apparition, Tocas
and Dollfus (1969) carried out a careful series of measuremznIs
at both blue and yellow wavelengths of the surface brightncss

of ring B. Both the sun and Earth passed individually throuzh
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i ‘ % £ the crvations. Planeto-
the ring plane during the course oOx the cbservations Pla

centric solar declination angles in the range +3 degrees were
thoroughly covered. 1In both series oZ measurements, the in-
tensities cf the brightest regions of the ring components were
derived using the center of the bright equatorial zone of the
planet as a photometric standard. More accurate and homogen-
eous data are, however, requirec if a reliabie theoretical inter-
pretation is to be made. Accordingly, new measurements of the
mean surface brightness of rings A and B togefher,covering the
legrees,

[o R

range in solar planctocentric declination angre of -+ 25

have been made.
The Planetary Research Center, Lowell Observatcry,

Flagstaff, Arizona contains the largest, most compleie, mOSC
homogeneous library of photometricelly calibrated Satura plates
in eXistence.'\The Lowell collection is therefore ideally suited
to a photog: apnlc photometric study of Saturrt's ring Until

. .systematic observation of the planet was discontinued in 1585,
calibrated plates were obtained at nezarly every successive OD-

position beginning in 1924, The Saturn collection comprises

over 350 multiple-imege plates, almost &ll of which were secured
by E.C. Slipher using the Z4-inch zperture Lowell reiractor.

Slipher (1964) has published a summary of the resulus ostalnecd

in plenetary photography &at Lowell Cbs crvatovy since 1904.
Details of the observational procedures used are given, tozesiner
with selected examples of the best photographs cbtained. Ua-
doubtedly, the collection of Saturn photographs is one oI the
finest in existence. ’
Of the 350 Saturn plates available, by fa“ the majority

(209) were exposed at visual (yellow) wavelengths Cthr
Wratten No.l12 filter, radiation in the range AA50C0-5
recorded. Accordingiy, the photometry was restricted
wavelengths only. Typically 5-10 Saturn images are recocrded
~on each plate, photometric calibration being provided by a

step wedge. Plates were exposed for 1-3 seconds in oxder to
record detail on the planetary dlsk. Consequently, only rings
A and B are reCOVded the crepe rlno ) being too faint. Except
in 1939, the plate scale is constant at 4" arc/mm; in 1939,

the scale is 8" arc/mm.



Plates were selected according to several criteria.
Quality was most important. Plates whose emulsions showed
signs of physical and chemical deterioration were rejected.
So were podrly exposed plates, and those taken under bad seeing
conditions. To minimize the photometric significance of the op-
position effect, plates taken at shase angles less then 1.5 degrees
were not used. Measurements of ring brightness could bc made

except when the ring was nearly edge-on. Seeinz efifects and

scattered light from the planet wnrevented relieble gphoiomeiry
when the planetocentric deciination of the Earth was 1zgs thaan
2 degrees. Even so, sufficient plates to

,
\
provide very satisfactory coveraz2 in plan
clination angle.
| . Standard photographic photometric procedure
in the analysis of the 3!

o

cording Microdensitometer Model Mk.IIIC was used to scan t. &
best image on each plate. In every case, the scan was mace

along the major axis of the ring system, the spot passing

over both ansae and the cGisk of the planet. To rezolve Cassini's
division, the scanning epot was a 1l00-y square, equivalent
to a 0V4 square on a typical plate. Smaller scenning epertures,

.

e
although desirable for better spatial resolution, produced an
unacceptable level of photographic grain noise in the tracings.
Fig.2 illustrates some of the data.

Digitization of each density tracing was carried out
for a spatial interval correspording to an angular resolu-
tion 0V4 arc. The characteristic curve for each plate was
‘defined, typically, by four calibration wedge steps, separated
in density by successive factors of 2. After density-inten 3
conversion, the digitized data were used to derive the quan

IR/IP, where I, is the mean specific intensity of the rin

0")

face and IP is the mean lnLen31ty of Saturn's disk. The in
sity profiles of both ansae were averagzed to derive the radial
intensity of the ring system. Mean intensities for both the
ring and the disk were then derived by area-weighting each wnro-
file. Both the ring and disk were assumed to be radially sym-
metric, the oblateness of Saturn being neglected. Because the

C



plates did not record the crepe ring, I./I,.1

of the mean specific intensity of rings A and B3 together.
Table I summarizes the results. Column 1 identifies
each plate according to date, color, and time. For exainple,
the plate taken on 1924 July 30, through the yellow Vr: iten
No.12 filter, at 03P

24 07 30 Y 03:18. Columns 2 and 3 list the slanctoceniric

m . . . X e e
18" Universal Time, hes the identification

~

declination angles of the sun,(Ds) and Earth ’DE), reszpectively.
Saturn's phase angle (&) is given in column 4. All three

are measured in degrees. Column 5 lists Iﬁ/IP. Finally, in
column 6, the quality index of the plate, subjectively assessed

on a scale 1-3, usable -best, is noted. Quality index nro-
vides a coarse estimate of the atmospheric seeing conditions
at the time of exposure. If the qguality index is unicy,
Cassini's division is barely resolved, the diameter of t
seeing disk being ~1'" arc. Plates hav

3 were exposed under very sugerior seeing
cases, Wheh the ring is open, C

resolved. Indeed, from the sharpness of th
-edges of the division on the microdensitometer t

ter of the seeing disk must then have been ~ (V2 arc.

Because of the method used to analyze the photographic
data, systematic errors may affect the derived I /I values. Such
errors can result from changes in the dist Louegon OL reflece-veey
over Saturn's disk, and f£rom neglect of the planet's oblateness.
Random er:ors are generated during the standard photometric re-
duction procedure.

Present knowledge of the brightness distribution over the
disk of Saturn has been reviewed by Alexander {1962). At vis-
ual (yellow) wavelengths, the planet generally shows a bright

4

‘equatorial zone, alternating series of narrcw zones and belts

(o)

at temperate latitudes, and darker polar regions. Pronounce

3]

S

i

“els

limb-darkening is always apparent. Significant temporal change

ki

in the latitudinal distribution of surface brightness have bee

o]

by
[44]

observed; variation in the prominence of the equatorial zone
the most striking. Harris (1961) has reviewed Saturn photome-
try covering the time frame 1862-1952 to determine if there are



any significant long-term variations in the reflectivity of

its integrated disk. None approaching even 5 percent was found.
Harris also noted that any short-period variations with rota-
tional phase are probably very small (~l1 percent).

Neglecting the latitudinal distribution of reflecti ity
over Saturn's disk causes the ring brightness to be underesti-
mated, the mean intensity of the disk being overestimated Secause
too much weight is given to the equatorial zome. In principie
use of a polar scan in the analysis rather than an ecuatorial
scan would permit a better estimate to be made of the mean inten-
sity of the planetary disk. 1In practice, however, the quaiity
of the photometric data did not warran: the additional sophis-

e
tication. By comparison, neglecting the oblateness of Satura

»

has a cecidedly second-order effect on derivation of the rino

brightness.

=

To obtain a conservative estimate for the systema

- a2 =

t
effect resulting from the latitudinal distribution of refliectiv-
ity over the planetary disk, the p%otooraahic plate (
#41 12 09 Y 01:23) showing the most Drom*nbut equatoria
was re-an alyzed using both polar and e%uatqflai scaas (cf.
Fig. 3). Mean disk intensities were derived\ from both scans,
their polar/equatorial ratio beirz 0.837. on' the basis oi
this result, the relative accuracy of the pnoho\0 rashic’

‘

photometry was estimated to be + 10 percent. Support for
this estimate comes from an empirical study of Table I
for temporal effects. Ring brightness measurements mace

under similar geometrical conditions, but in different Vears,
were consistent within the same relative accuracy.

Random errors, although not negligible, are less. signi-
ficént. Such errors arise primarily from uncertainties in
defining the precise shape of the characteristic curve for each
plate. Their magnitude may be estimated from Table I also.
Measurements made from individual plates taken on the same nigh:
have an average rms error ~3 percent. Short-term variations
in the surface brightness of Saturn's disk must be small; mea-
surements made on adjacent nights are consistent within the
single night rms error.
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To facilitate theoretical study of the variation of
the surface brightness of the ring system with solar illum-
ination angle, the I /ID ceterminations have been converted
to I/F values, co:recte” Co a constant phase angle. Two phase
angles are used for reference. 1I/F values corrected o zero
phase are denoted El/?. Those corrected to a nhase angie of

6 degrees are labelled I5,/7. Corrections were ma

B
(\
)
r
' ’
&1

- 02

"
.
™
w
0]

(A.;-\.‘ i

lnLor&aulOW on the ratio of the ring and integrated disk bright-

nesses 3resbnued by Franklin and Cook (1963) after i

for the errata discussed by Cook, Franklin, and Palluvconi {1971) .
o

Minor extrapolations of the information to phase an

£ zero o

8]

and six degrees were not difficult. Because of lack of data to th
contrary, we have assumed that the phase effects apparent in
Franklin and Cook's disk and ring photometry do not vary with solar

illumination angle. Il/F values were obtained from the relation

where p(V) is the geometrical albedo of Satura's disk at visual V)
wavelengths, and Ié/Ié corresponds to I /IP corrected to zero
phase angle. For p(V), we have adopted the value given by
Irvine and Lane (1971). Values of Il/F derived from equation (1)
have been corrected to equal planetocentric declinat:-ns of the
sun and Earth using the method discussed in Section 3. IZ/F values
were obtained by scaling the resultant Il/F values according
to Fig.l. The results are plotted in Figé . Both Il/T_ana I,/F
ordinate scales ‘are used; the abscissa o is the cosine of the
angle of incidence or reflection with respect to the outward
‘normal to the ring surface.

Photometry of the phase and tilt effects may be ‘quan-’
titative compared when the geometrical configuration of the

@ L

sun, Saturn, and Earth was similar.: Values of I /F at phase
angles of zero and six degrees should agree with valubs of I;/F
and I,/F corresponding to M, equal to 0.442 (i.e, in 26.230).

FPe

Bearing in mind the accuracy of the photometry, the agreement is
atisfactory.



3. RING MCDEL
As a basis for disctssion, the ring system 1s assumcd to

be an horizontally infinite, homogeneous, planz-parallel slab of
isotropically scattering partlcles. Both the sirgle scatter-
ing albedo{Z) and the perpendicular optical thickness {(7) are
considered arbitrary. Sunlight illuminating the ring may bec
represented by a parallel'beam of radiation of net flux nF pe
unit area normal to itself. Chandrasekhar (1950) has obtained
the exact solution of the corresponding multiple scattering
'problem.' In Chandrasekhar's notation, the specific intensity

of diffusely scattering radiation may be written

103 = WAHE F =2 (XWX - YWrey) ] (2

w ot g
where Loand y are, respectively, the direction cosines of the
angles of incidence and reflection with respect to the outward
normal to the ring plane.' In the limiting case where 1 - «,

X - H(w and  y@) - 0. . (3)

In the special case where primary scattering alone need be con-

sidered (i.e., 1 -~ 0),
X() ~ 1 and V() - e /4, o | (%)

Numerical values for Chandrasekhar's X-, Y-, and H-functions

have been tabulated for wide ranges of the parameters T and & by

Carlstedt and Mullikin (1966). I
Since Saturn and Earth move in nearly co-planar orbits, with

the phase angle always remaining small, phbtometric observations

of the ring always correspond to the case where the angles of

incidence and reflection are nearly equal; the inclination of

Saturn's orbit to the edliptic is 2.5 degrees,while the phase angle

is never more than 5 degrees.At opposition,the angles of inci-

dence and reflection never differ by more than + 2.5 degrees.

To simplify comparison of theory with observation, the photo-

metric data @areé corrected to-the special case of ecual angles

of incidence and reflection; such corrections are significant

when poand _ are small.
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Specific intensities derived from equation (2) for unequal
angles of incidence and reflection may be readily reiated to those

corresponding to equal angles. Because the X- and Y-fun CtLOﬂS
do not vary drastically with ., we can write

XWX () - YWY () = ¥ () - ¥ (ug)- e

Numerical experiments with the Carlseedt and Mallikinstables. .

indicate that equation (5) is valid to an accuracy ~ # per cent

or better for ring parameters in the ranges 0.4 < %< 1.00,

0.2 <7 <w 0.0 <y<0.5 where |y - n | <g.os. Substitu-

“ting equation (5) into equation (2), O\\\

o Y

I0,u) =A/HEF :r%?z& [X2<Ho) - YZ(HO>]Q (6)
But, when y and p are equal, equation (2) becomes ;

10,) = @/9F PP @) - ¥y . 7
Combining ecuations (6) and (7), we have | |

1(0,u) =0/2) [1 + u/ig] 100,49 (®

To a good approximation, ring photometric data corrected to zero

phase angle may be adjusted to the case of equal angles of inci-

dence &nd reflection using ecuation (38).
Fig.4 summerizes thezoretical calculations of I(C,u )/b

a function of Mo Lor values of & and T in the ranges 0.6 < d; <

0.2 < T < o, Values of I(O,u )/F were computed for the general

of mulelple scattering using equat;on\7). For each value of J,

~

the additional special case of primary scattering alone (v = 0.3)

was computed.

4. DISCUSSION

Qualitative and quantitative comparisons between theory

and observation can be made from Figs. 1, 4, and 5. ' On the basis

of the scattering model, several conclusions can be drawn. TFirst

the phase effect (Fig.l) is clearly a manifestation of che scat-

tering phase function oI the individual ring particles; isotropic
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scattering will not produce a phase effect. Moreover,.not'only
must the ring particles scatter anistropically, but preferentially
towards the sun. Second, primary scattering is insufficient to
account for the til: effect (Fig.4). Equations (4) and (6) indi-
cate that I(0,. ~ would then decfégégmmOﬂo“ﬂqxcalL] with in-
créasing Mo t.. observed trend is in the opjosite sense. Multi-
ple scatterii_, must, therefcr:, predominate for all solar
illumination angles. Third; the iIndividual ring particles must
be highly efficient scatterers. Minimum values for rt.and &
appear to be unity and 0.90, respectively. '

It might be argued that Fig.4 does not reliably ‘depict
the tilt effect, because the plotted data depend on our assump-
tion regarding the invariability of the phase effect. Because
the phase effect results from the anisotropic phase functicn
of the ring particles, multiple scattering will cause iz to
become progressively less pronounced as the solar illuminaczion
angle decreases. But, even if the phase effect disappeared

\
entirely at the lowesc plane“oce“,:lc solar decliination angles,

the trend of Fig.4 would persist.

A

5. CONCLUDING REMARKS

Our results indicate that theoretical int erpretation of
Saturn ring photometry in terms of the physical properties of
individual particles is highly problematic, requiring the solu-
tion of a complex radiative transfer problem. There is a dis-
tinct need for higher quality, more extensive, data in the
analysis. A long-term photoelectric observational program to
completely define the photometric function of the ring system
should be carried out.
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FIGURE CAPTIONS

Fig.l. Observations of the Saturn ring phase effect at visual (V)
wavelengths; values of I /F versus qa. Io'ls the mean specific
intensity of the ring surface (rings A and B togethexrj, cor-
rected to equal angles of incidence and reflection; nF is the
solar flux at Saturn; o is the phase angle. Throughout, the planet-
ocentrié solar declination angle was essentially constant at the
opposition value, -26°230.

Fig.2. Equatorlal microdensitometer scans of two Sa;urn
plates from the Lowell Observatory collection ZE, Table I). -
Plate #36 10 13 Y 05:10 was taken when the ring system appeared
nearly edge-on; plate # 41 10 11 Y 11:50, when nearly wide open.
Raw density profiles are shown.

Fig.3. Polar and equatdrial microdensitometer scans oI

the Saturn plate taken at Lowell Observatory on 1941 December

O

at 01:23 U.T. Raw density profiles are shown.

Flg 4. Observations of the SaLuLn ring rilt effeét at visual (V3
wavelenotns- values of I/F versus Ho .I 1s the mean specific
intensity of the ring surface (”IDOS A g ad B tooetner),vcor—

rected to equal angles of incidence an ref flection: F is the

/
th

solar flux at Saturn; u, is the cosine of the ang.e © incidence
with respect to the outward normal. Two ordih@te scales
used. I7/F values refer to zero phase; I/F values refer to
a phase angle of six degrees. 1Ij and Ip are re;at;d through the
phase curve given in. Fig.l. 4 \

Fig. 5. Theoretical values of I(0,u )/F versus p  for
an isotropically scattering ring model with parameters covering
the range 0.60 §,~S < 1.00, 0.2 < 7 < o I{0,u,) is the
specific intensity of the ring surface; mF 1is the solar flux at
Saturn; ug is the cosine of the angle of incidence and reflec-
tion with respect to the outward normal; & and T are, respeccoively,
the single scattering albedo and the perpencicular optica
ness. Solid curves show the general case of multiple scattering:
each is labelled according to the r value. Dotted curves -a0wW
the case of primary scattering alone for rt = 0.5.
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- SATURN RING PHOTOMETRIC DATA; LOWELL OBSERVATORY PHOYCGRATPHIC

TABLE I

o

DUy

PLATE Dg P a T /T, QUALITY.
24 07 30 Y 03:18  +16.7  +14.6 5.9 0.784 2
25 07 24 Y 03:60  +20.5  +18.7 5.9  0.689 3
25 07 24 Y 03:10  “+20.5  +18.7 5.9  0.721 2
25 08 08 Y 03:05 +20.6 +18.9 5.9 0.760 2
25 08 08 Y 03:15 +20.6 +18.9 5.9 0.812 2
28 08 04 Y 03:44  +26.6  +26.4 5.0 0.7 2
31 06 24 Y 08:30  +23.7  +23.2 1.9 0.83% 1
31 09 08 Y 02:50  +23.2  +24.5 4.9  0.728 . 2
31 09 27 Y 02:30  +423.0. +24.5 5.6 0.687- 2
32 11 30 Y 01:15 +19.3 +20.9 4.6 0.585 2
33 08 28 Y 06:27  +16.4  +17.4 2.3 . 0.767 3
33 08 29 Y 02:55  +16.4  +17.5 2.4 0.742 2
33 08 29 Y 03:13  +16.4  +17.5 2.4 0.724 2
33 08 29 Y 04:02  +16.4  +17.5 2.4  0.768 2
33 08 29 Y 05:09  +16.4  +17.5 2.4 0.737 2
33 08 29 Y 05:25 +16.4  +17.5 2.4 0.754 2
33 08 30 Y 06:26  +16.4  +17.5 2.5 0.742 2
33 08 30 Y 08:19  +16.4  +17.5 2.5  0.703 1
33 08 31 Y 07:3¢  +16.4  +17.5 2.6 0.716 2
33 08 31 Y 07:46  +16.4  +17.5 2.6 0.747 2
33 08 31 Y 08:29  +16.4  +17.5 2.6 0.787 2
33 09 05 ¥ 07:51  +16.3  +17.6 3.0 0.669 2
33 09 10 Y 06:52  +16.3  +17.7 3.5  0.623 3
33 09 12 Y 04:35  +16.3  +17.8 - 3.6 .0.607 2
33 09 12 Y 04:58° - +16.3  +17.8 3.6 0.643 2
33 09 12 Y .06:28  +16.3 +17.8 3.6 0.712 2
33 09 14 Y 06:28  +16.2  +17.8 3.8 0.730 2
33 09 16 Y 04:57  +16.2  +17.9 3.9 0.718 2
33 09 22 Y 04:40  +16.2  +17.9 4.4  0.738 2
33 09 22 Y 05:04  +16.2  +17.9 4.4 0.735 2
33 09 25 Y 03:12  +16.1  +18.0 4.5 0.647 2
33 09 27 ¥ 04:03  +16.1  +18.0 4.7  0.729 2
3¢ 09 19 Y 04:34  +11.7  +13.2 3.2 0 3

.676

L
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TABLE I (cont'd)

35

3

PHOTOMETRIC TATA
PLATE bg o i /Ty WUALITY

35 06 06 Y 11:22  +08.3  +05.5 6.0  0.696 2
35 06 06 Y 11:43  +03.3  +05.5 6.0  0.676 2
06 07 ¥ 11:35. +08.2  +05.5 5.9  0.737 2

35 10 01 Y 03:10 +06.6 +08.2 3.2 0.598 3
36 10 13 ¥ 05:10  +01.1  +02.8 5.2 0.238 3
37 ©7 16 Y 10:10  -03.0 -05.6 5.8  0.423 2
37 07 17 Y 11:21 -03.0  -05.6° 5.8  0.40% 3
39 10 Ol Y 08:39 -14.7 -15.3 2.3 0.752 1
39. 12 06 Y 05:19 -15.6 -13.7 4.5 0.78G 1
39 12 06 Y 05:31 -15.6 -13.7 4.5 0.770 1
39 12 07 Y 05:28 -15.6 -13.7 4.6 0.756 .1
39 12 08 Y 05:37 -15.5 -13.6 4.7 0.732 2
39 12 08 Y 06:10 ~ -15.5 -13.6 4.7  0.805 1
39 12 08 Y 05:21  -15.6 -13.5 4.7  0.852 1
40 10 18 Y 10:09  -19.5  -19.8 1.9 0.798 3
41 10 07 Y 12:35 -23.1  -23.8 4.4  0.705 3
41 10 11 ¥ 11:50 - -23.2 -23.8 4.0 0.725 3
41 12 09 Y 01:23  -23.7  -22.9 2.4  0.788 3
43 11 11 Y 07:59 -26.8 -26.5 3.8  0.746 2
45 11 29 Y 08:30 -23.7 -22.3 4.6  0.786 3
50 62 16 Y 08:35  -03.4  -02.6 2.1  0.490 3
50 02 16 Y 10:54 -03.4 -02.6 2.1 . 0.558 3
52 04 17 Y 06:09°  +08.5  +07.5 1.7  0.711 2
63 09 12 Y 05:25  +13.9  +15.3 3.0  0.672 2
64 09 29 Y 05:28 = +09.0  +10.7 3.5  0.£97 3
64 C9 30 Y 06:30  +09.0  +10.7 3.6  0.713 3
64 10 08 Y 03:45  +08.9  +10.9 4.2  0.619 3
65 08 05 Y 08:45  +04.6  +03.2 3.3  0.637 3
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 ABSTRACT

Further simultaneous two-color photoelectric pho-
tometry of Ganymede was carried out at blue (A 4500 A) and
yellow (X 5790 i) wavelengths during its eclipse by Jupiter
on 1971 March 10. 1In both colors, the shape of the ingress
light curve was.- again reliably determined for extinctions
up fo 9 magnitudes. Neither curve showed any evidence of
a refraction tail. The observatlons have been lnterpketed
in terms of the local optical transmission properties of

the Jovian atmosphere. At gas number densities ~ 5 x 1018

-3

cm the maximum photon scattering mean free path at visual

>
waveléngths was 47 km atm. .Evidence indicates that neither
a simple reflecting-layer model nor a semi-infinite homo-
geneous scattering.model provides an adequate physical des-
cription of the atmosphere. Not oniy‘is a vertically in-
homogeneous scattering model required but, in addition, thé
scattering mean free path is dependent on,”geographical” |

location, and pfobably on time also. No unique scattering

model exists for the Jovian atmosphere.

ﬂl’—reﬂéﬁ]lﬁ_geildal‘lk 1



I. - INTRODUCTION

| In a recent paper, Price (1970) described a novel
technique for inferring the physical properties of the Jovian
atmosphere. From a detailed discussion of all observational
and theoretical problems involved, he showed that eclipses
of the Galilean satellites provide an effective method of
monitoring both tHé phyéical structure and Optical scattering
properties of the atmosphere, with excellent resolution in
height, latitude, énd longitude. Refraction of sunlight through
‘the atmosphere is the physical basis of the technique; multi-
color photometry of the satellites throughout ingress provides
the Qbservatioﬁal data needed for the analysis. 1In principle,-
not only can the scale"height be reliably determined as a
function of altitude but, in addition, small quantities of
aerosol particles can be de;ected at high altitudes. Be-
cause the atmbsphéric properties are derived from the shapes
of the refraction '"tails" to the ingress light curves, ac-
curate photometry down to the lowest light levels is essential.

Initial use of the eclipse téchnique was ﬁade during |

the spring of 1970. Preliminary results obtained by Price
and Hall (1971) were-reported in a paper hereinafter referred
to as Paper I. Simultaneous two-color photoelectric photo-
metry of Ganymede was carried out at blue (A 4500 1) and yel-
low (A 5790 i) wavelengths during its eclipse by Jupiter on
1970 March 24. 1In both colors, the shape of the ingress
light curve was reliably determined for extinctions up to
9 magnitudes using an area-scanning photometer. Both curves
showed a refraction tail after the satellite had entered the

geometric shadow of the planet. .The observations were used
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to infer the local, basic optical scattering properties of
the atmosphere. At gas number densities near 5 x 1018 cm-§
the atmosphere contains a haze of aerosol particles whose
radii are at least 1 y. Their maximum permissible number den-
sity was found to be 0.2 cm—3. At both blue and yellow wave-
lengths the amount of gas in a scattering mean free path

was 140 km atm. The results were used to show that neither
a simple reflecting-layer model nor a semi-infinite homogen-
eous scattering model could provide an adequate physical
description of the Jovian atmosphere at gas number densities

less than 1020 cm—?

A vertically inhomogeneous scattering

model was indicated. . In view of the potential significance
of thét conclusion for the interpretation of Jovian spectra,

- confirmation was highly desirable. ItAwas of particular in-
terest to determine if the scattering mean free path depends
n "geographical” location and time as well as on altitude.

Further'eclipse observations were, therefore, carried out

during the 1971 apparition of Jupiter. The results are

reported in this paper.

II. OBSERVATIONS

Simultaneous two-color, blue (A 4500 A) and yellow
(X 5790 i), photometry of Ganymede was carried out during
its entry into the Jovian shadow on 1971 March 10. Obser-
vations were made using the area-scanning photometer des-
_cribed in detail by Hall (1968), coupled with the 72-inch
aperture Perkins reflector of the Ohio State and Ohio Wesleyan
Universities at Lowell Observatory. Apart from minor modi-
fications, the equipment was almost identical with that used

. by Price and Hall (1971). However, the efficiency of the



photometer had been much increased'by'improvementé in the
electronic data-handling equipment. All pulses from both
photomultipliers were now recorded continuously using a PDP
11 computer. Following integration of any selected number of
scans, the data were automatically buffered for subsequent
recording on both magnetic énd paper tapes. An oscilloscope
was used to monitor the integrated scans.

To minimize the problem of scattered light frow the
nearby planetary disk, we chose tdAobserve the most'conven-
ient eclipse of Ganymede which occurred closest to the time
of western quadrature of Jupiter (1971 March 23). The op-
timum:eclipse took place on 1971 March 10, midpoint of in-

| gress being predicted by the American Ephemeris and Nau-

tical Almanac for 10:56 UT (03.56 MST). Both Jupiter and

Ganymede were then very favorably located for observation
.from Flégstaff. The elevation angle of the planet was 30°,
corresponding to a local hour angle of lh_39m and a declin-
ation of -20°. Ganymede entered the shadow of Jupiter at

an angular distance of 2.3 Jovian radii (about 45" of arc)
from the limb to the planet. Figure 1 shows thé sky’loca—
tion of Ganymede during ingress relative. to Jupiter. Addi-
tional steps to reduce scattered light included washing the
primary mirror, and realuminizing the secondary, immédiétely
prior to the observations. Baffling was placed in the op-
tical system (Cassegrain) of the telescope also. To prevent’
moonlight from being a problem,the skeleton tube of the

telescope was wrapped along its entire length with black cloth.



Reliable photometry at the lowest light levels re-
quired that the ratio of the signal-to-sky backgrdund noise
be maximized. The area scanned was therefore held to a min-
imum consistent with the area of the satellite image. Bear-
ing in mind both the typical "seeing" quality at Flagstaff
and the angular diameter of the satellite, we chose a-scan
length of 1.5 mm (9"5) and a scan width of 1.08 mm (6'9).
Scan length was selected by’usiﬁg an appropriate cam iﬁ the
scanning mechanism of the photometer; scan width was defined
by a élot. The entrance aperture of the photometér was a
rectangle of dimensions 69 x 0V56, defined by an adjustable
slit (selected width 0'56) situated in front of the slot.
Such a small slit width could be used because of improve-
ments in the efficiencies of the telescope and photometer.»
The area scanned is shown in Figure 1. |

Throughout ingress, the trans?arency of the Flag-
staff sky was_monitoréd by continuously measuring the bright-_
ness of the satellite Callisto in‘integrated light with the
42-inch reflector immediately adjacent to the Perkins tele-

- scope. The transparency was constant to within 1 - 2 per-
cent. The seeing disk of a star, taken to contain 90%.of the
light, had a diameter Qarying during the night in the range
1'" - 2" of arc. Since the angular dianetef of Ganymede is
on the order of 2" of afc, the diameter of its seeing disk
varied in the range 4" - 6" of arc. During ingress,the Moon,
which was nearly full, was setting in the west over 90° from
Jupiter. Moonlight did not adversely affect the photometry.

Because the area scanned by the photometer was so



small, it was essential for the telescope to be guided
accurately on Ganyméde. Off-set guiding on a star was not
feasible because of the raﬁid motion of Jupiter with respect
to the étellar background. However, by guiding on one of
the other Galilean sétellifes; total compensation for the
motion of Jupiter could be achieved. Moreover, by select-
ing a satellite on the far side of the planet, moving in
towards its limb, most of Ganymede's motion with respect to
Jupiter could be guidedAout. Calculations of the felative
motions of the satellites indicated that Callisto was well
situated for use as the guidé object. During the entire
period of ingress (about 20 minutes), Ganymede moved with
respect to Callisto by no more than 0'5, far less than the
diameter of its seeing disk. To minimize the significance
of guidance errors, the length of the scanned reétangle

was oriented pafallei to the direction 6f drift. With re-
spect to Callisto, Ganymede drifted_towards position angle
99°9,c.f.,Figure 1.

The brightness of the satéllite was measured repeatedly
throughout ingress, and an essentially continuous record of
the light curve waé obtained in both colors. Each brightness
measurement consisted of determining the amount‘of light in
each color passing in 15 seconds through the effective aper-
ture of the photometer - the rectangular area of sky scanned.
The raw data used were the integrated scans in both colors,
obtained by summing groups of 15 successive one-second scans .

The brightness was determined by summing the photoelectrons



counted in each integrated scan. The sky backgroﬁnds in
the two colors were takeh as the means of 35 successive
.brightngss measurements made immediately after the satellite
became no longer detectable above the noiée level of the sky.
The r.m.s. errors of the individual sky brightness measure-
ments were 2.7% and 2.5% for blue ana yellow 1ight,réspec—
ﬁively. The brightnesses of the uneclipsed satellite (plus
sky background) in the two colors were taken as the means
of 35 successive measurements madé immediately prior té the
beginning of ingress. ‘The r.m.é. errors of these individ-
ual brightrness measurements were 2.7% and 4.6% for blue and
yello& light,respectively.

| The observed light cufves,Ain blue and yellow light,
are shown in Figures 2 and 3,respectively. Extinction in mag-
nitudes 'is plotted against time in seconds. The zero point
in time is set at the intérpolated half-intensity point.
The.time resolution was 15.6 seconds. .Eagh'individual bright-
ness measurement was located in.time to an accuracy of = 0.5
seconds. In both figures, the plotted points have been
normalized assuming zero extinction outside eclipse. The
final data point refers to tﬁe minimum ﬁeasurable bright-
ness when the satellite was barely detectable against the
sky background noise. This limit was taken as the individ-

ual r;m.s. error of the 35 measurements which define the sky

background. In both colors,reliable measurements of the bright-
ness of the satellite were made down to extinctions of 9 mag-
nitudes.

‘Thé photometry contained both systematic and random

errors.Systematic errors resulted from the use of a short

&
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slit (6'9) as the entrance aperture of the photometer. Be-
cause of seeing effects, a small fraction of the light from

"~ the satellite spilled over each side of the scanned rectanglef
Dufing ingress unpredictable\changes in the size of the sat-
ellite image caused systematic errors in the photometry, both
colors being affected nearly equally and simultaneously. By
comparison, errors resulting from imperfect guiding and dif-
ferential refraction were insignificant. The systematic
errors are readily apparent in Figures 2 and 3. Initially,
it was thought that the structure in the observed light curves
migh£ have originated in the particularbdistribution of re-
flectivity over the disk of the satellite. That idea was
discarded, however. Simultaneous photometry of the eclipse,
carried out by Greene, Shorthill, and Despain (1971) with

. the 200-inch Paiomar refléctor, using a circular aperture

of 14" of arc diameter, showed no such structure. Random
errors resulted from scintillation of the satellite iﬁage,
and from the statistics of photon counting. Scintillation
effects dominate for extinctions less than 7

magnitudes. 1In the fainter regions of the light curves,

poor photon counting statistics, caused by a low ratio of
signal-to-sky background noise, limit the accuracy of the
measurements. Neglecting systematic effects, the net r.m.s.
errors in each brightness measurement are indicated in Fig-
ures 2 and 3 by the vertical bars attached to each plotted
point. In the faintest regions of the light curves the

error reaches 100%.
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III. ANALYSIS |

Interpretation of the observaﬁional data requirec
the calculation of two-color ingress 1ight curves for a
range of models of the Jovian atmosphere. Our calculations
followed exactly the theory described in Paper I. Both
clear (gasecous) and hazy (aerosol) atmospheric models were
used. Selection of their fundamental parameters was dis-
cussed in Paper I. The clear model assumed the atmosphere
to consist of a homogeneous,isothermal layer of molecular
hydrogén and helium lying above a sharply defined, dense
cloud .layer. On the basis of current knowledge, the Hé/He
. ratio by numbers was taken as 5.1, the temperature of the
gas as 145°K, the corresponding séale height as 20.8 km,
and the pressure at the .cloud tops as 2.02 atmospheres.
The haze models assuméd the atmosphere to be semi-infinite,
composed of a homogeneous mixture of aerosol particles and
gas. Each hazy model used the same basic parameters as
the clear model. Now, however, instead of the reference
level being the top of a sharply defined cloﬁd layer, we
~assume it is the effective depth to which visual continuum
solar photons penetrate ét normal incidence. Application
of the theory demands'a knowledge of the photometric radius
of the satellite, obtainable by studying the general shape

of the brighter regions of each ingress light curve. 1In

spite of the seeing structure apparent in the observed curves,

the theoretical curves were in satisfactory agreement over

an extinction range of 5 magnitudes when a satellite radius
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of 2100 (z 100) km was used. The optimum photometric radius
agreed well with the corresponding value (2200 km) derived
in Paper I.

In the clear model, sunlighf being refracted through
the atmosphere suffers attentuation by both differential re-
fraction and Rayleigh scattering. In the hazy models, ad-
ditional opacity results from scattering and absorption by
the aerosol particles. To quantify the aerosol opacity, we
use a haze parameter defined as the ratio of the total ex-
tinction cross-section to the effective Rayleigh scattering
cross-section for the H2-He misSture alone. Two-color ingress
elight curves were calcﬁlated for haze parameters ranging from
unity (clear) through 30 (optically thick). For \ 4500 £,
increasing the haze paremeter beyond 10 produced negligible
change in the computed refraction tail; for A 5790 A, the
corresponding value for the haze parameeer was 20.

In Figures 2 and 3, the main theoretical results are
comeared with the obser&ations. It is immediately apperent
that neither of the observed light curves shews any trace of
a refraction tail. Consequently, only a minimum value for
the haze parameter at each waveleﬁgth can be obtained. To
account for the obserVations, we require the baze parameter
ﬁo have minimum valuee of 5 and 10 for blue and yellow light,
respectively. The effective Rayleigh scattering cross-

2

sections of the gas mixture are 1.88 x 10727 cn? ac 2 4500 }

and 6.65 x 10—280m2 at A 5790 &; the minimum total extinc-

2

tion cross-sections are 9.4 X 10-27cm and 6.7 x 10'27cm2

b
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respectively. For convenience, we will use 8.0 x 10-27cm2
as the minimum total extinction cross-section for both
colors. Lack of detectable refraction tails in both colors
ié consistent with the~aeroso} particles having radii great-
ter than ~ 1 .
| Interpretation of the total extinction cfoss-seétion
in terms of the photon scattering mean free path requires
a knowledge of which atmospheric strata are responsible for
the refraction tail. Since these strata are very nearly the
~ same for both blue and yellow light, we need consider only
one color. The necessary information for yellow light is
contained in Figure 4. Three quantities are plotted as a
function of time, measured from the midpoint of ingress;
first, the height, hC, above the<reference level in the
atmosphere for a ray of light joining the centers. of the
solar and satellite disks at its closest approach to the
center of the planet; second, the corresponding numbef den-
sity, N(hc), of gas molecules; third, the height resolution,
b&h, permitted by the envelope of rays joining the solar and

satellite disks. Comparison of Figures 3 and 4 shows that
the regions of the atmosphere probed at the end of ingress
correspond to gas number densities near 5 x 1018cm-3. ‘
To compare the optical properties of the Jovian
atmosphere derived in this paper with those reported in
Paper I, we.require information concerning which “geographi-.

n

cal' 'regions were probed. Because of the large negative plan-

etocentric declination of the sun (-3%03), the region of the
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Jovian atmosphere probed during ingress of Ganymede on
1971 March 10 was located at a high southerly latitude,
midpoint of ingréss corresponding to a longitude of 231°
(System II) and a latitude of -56°, By comparison, the
region probed during ingress-of Ganymede on 1970 March
24 was located at a longitude of 335° (System II) and a
latitude of -53°. Note the errata in Paper'I. For both
eclipses, the resolution achieved in longitude was ~ 4°,
~in latitude ~ 3°, c.f. Price (1970).

The minimum value:for the total extinction cross-
section at visual wavelengths may be used to determine a
minimum value for the optical péth traversed by the refraéted
sunlight, together with a maximum value for the photon scat-
tering mean free path. Following Price(1970),we éan write the

total number of gas molecules per cmz, N in the re-

t)

fraction path through the atmosphere as equal to (ZnRH)l/zNg,
where Ng is the number density of gas molecules in the
region of the atmosphere responsible for the refraction,

R is the radius of Jupiter, and H is the scale height.

Since Ng is on the order of 5 x 1 , R is 7.135 x

104km, and H is 20.8 km, we obtain a value of Nt equal

to 1.52 x lO27 cm-z. It follows that the minimum optical

path length traversed by the refracted sunlight is 12.2
for both blue and yeilow light. The maximum number of
molecules per photon scattering mean free path is therefore

26 -2

1.25 x 10" cm “, equivalent to 47 km atm. Comparing our
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estimate of the maximum scattering mean free path with the
“measured value reported in Paper I, we conclude that the
local concentration of aerosol particles in the Jovian at-
mosphere is variable. At gas number densities ~ 5 x 1018cm-3,
the concentration varies by at least a factor 3 with ''geo-
graphical' position, and possible with time also. |

| International Planetary Pafrol photographs of Jup-
iter taken on of near 1970 March 24 and 1971 March 10 were
studied to determine if there were any dbvious'differénces'
in the cloud structure in the '"geographical' regions scanred
during each eclipse of Ganymede. None wés found. For the
1970 eclipse, the latitude of -53° lay within a transition
zone from the South Témperate Zéne (STez) to the South Polar
Region (SPR). The latitude region from -50° to -70° was
generally dark. For the 1971 eclipse, the latitude of -56°
lay within the South Polar Region (SPR), a dark feature of

the Jovian disk.

IV. CONCLUDING REMARKS
In Paper I, we concluded that the optical proper-

ties of the Jovian atmosphere should be discussed in terms
of a vertically inhomogeneous scattering model. Our analy-
~sis in this paper indicates that the local scattering mean
free path is dependent on ''geographical" location,.and pro-
bably on time also. We conclude that no unique scattering
model exists for the Jovian atmosphere. Further application

of the eclipse technique is warranted.
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FIGURE CAPTIONS

Figure 1. Relative sky locations of Jupitef and
Ganymede during shadow ingress on 1971 March 10. The scan-
ning aperture of fhe photometer is the solid rectangle adja-
cent to Ganymede. The direction of scan was oriented para-
llel to the drift direction of Ganymede with respect to
Callisto. For convenience, the oblateness of Jupiter has
been heglected., Moreover, the image of Ganyﬁede is shown
’ unbfoadened by "seeing" effects.. | _ l

Figure 2; The ingress light cur§e; at an effective
wavelength of 4500 i, for the eclipse of Ganymede on 1971
March 10; comparison 6f theory with observation.

Figure 3. The ingress light curve, at an effective
wavelength of 5790 &, for the eclipse of Ganymede on 1971 .
March 10; comparison of thgory with observation.

Figure 4. The regions of the Jovian atmosphere re-
sponsible for the extinction of the refraction tail to the
ingress light curve, at an effective wavelength of 5790 i,
for the eclipse of Ganymede on 1971 Mérch 10. Mid-ingress
(half-intensity point) corresponds to a plapetocentric long-
itude (System II) of 231° and a latitude of -56°. Three
quantities are plofted.as a function of time, which is mea-
su;ed from thé midpoint of ingress; first, hc’ the height
above the reference level in the atmosphere for a ray of
light joining the centers of the solar and satellite disks
at its closest approach to the center of the planet; second,

N(hc)’ the corresponding number density of gas molecules;
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third, &h, the height resolution permitted by the envelope

of rays joining the solar and satellite disks.
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‘PHOTOMETRIC RADII OF IO AND EUROPA
M. J.Price*, J.S. Hall, P. B. Boyce, and R. Albrecht

During the 1970 and 1971 apparitions of Jupiter,
multi-cblof pho;ometric observations of eclipses of the
Galilean satellites were carried out at Loweli Observatory in
a research program designed specifically to infer the physical
structure and optical scattering properties of the planetary
atmosphere. 1In essence, the.brighter region of the ingress
light curve is used to obtain an optimum photometric radius
for the satellite; the refraction tail is then interpreted
in terms of the optical properties of the Jovian atmosphere.
All aspects of the eclipse technique have been fully dis-
cussed by Price (1970). 1In addition, two successful appli-
cations based on eclipses of Ganymede have been reported by
Price and Hall (1971) and by Price, et al. (1972). During
the program , observations of the ingress light curve of Io
and Europa were also made. These dat? have been analyzed
to obtain photometric radii for both satellites. This paper
-briefly reports the observations and their interpretation.
The results are compared with satellite radii obtainec using
othef observational techniqués.

Simultaneous twc-color photoelectric photometry.of
Ic and Europa was carried out dﬁring their eclipse by Jupiter

on the night of 197. April 5/6. 1Ingcess observations at blue

Visiting Astronomer. Permanent affiliation: Astro
Sciences, IIT Research Institute, Chicago, Illinois.

/



(A 4500 i) and yellow (A 5790 'y wavelengths were made using
a two-channel area-scanning photometer, described in detail
by Hall (1968), coupled with the 72-inch aperture Perkins

| reflector of the Ohio-Staﬁe and Ohio'Wesleyén Universities.
The observatioqal procedurés,the electronic recording equip-.
meﬁt, the method'of reducing the data to obtain the ingress
light éurves; the analysis of the photometric érrors, andl
the interpretation of the results in terms of the photometric
radii of the satellites, all were exactly as described by
Price, et al. (1972). |

Figures 1 and 2 éhow‘the observed twojcolorbingress-

light curves for Io ét blue and'yellow wavelengths, re-
spectively. The corresponding déta for Europa are sﬁowﬁ in-

A Figures 3 and 4. For both eclipses? the intégfation time
usedbto obtain each data point (i.e., the timeQresolution)

© was 10.4 seconds. For Io, the shapes of the pair of ingress
iight curves were reliably determined for extinctions’up
to 5 magnitudes. For Eurbpa, reliab;e data were obtained
fér extinctions up to 7.5 magnitudes. .Also shown are the-
oretical light curves computed on the assumption that
Jupiter has no atmosphere above a sharply defined dense
cloud layer; thé ball was taken to have a "hard'" surface.
Best agreement between theory and observation was obtained
by using radii of 1650 km and 1450 km for Io and Europa,
respectively. Both radii are estimated to be uncertain by

% 100 km.

Previous attempts have been made to infer the

satellite radii from eclipse photometry. Photographic



observations were initiated at the Harvard Observatory in
1878 by Pickering (1907). By comparison with our own set of
measurements, the obsefved ingrese light curves were im-
precisely defined. .Sémbson (1909) analyzed the available pho-
tometric data to obtain radii for Io and Europa of 1700 km |
and 1500 km, respectively. Both values are consistent with
our own results. Using photoelectric photometry at visual
(yellow) wavelengths, Harris (1961) and Kuiper bbtained more
accurate ingress light curves. 'In'their analysie, they
adopted radii of 1620 km aﬁd 1430 km for Io and Europa,
respectively. Agreement Between theory and observation
was not, however, entirely eatisfactory; For Io, the most
ﬂconsistent agreement was obtained-after increasing the’
adopted radius by 14 percent to 1850 km. The results ob-
-tained by Harris and Kuiper agree moderately well with our
" own. |
Several more direct techniques have been used to

measure the radii of the satellites. Camichel (1953) de-
termined radii by comparing images of the satellites with
artificial disks projected in the field of a telescope. The
disks were ofbadjustable size, brighﬁness, color, and limb-
darkening. Dollfus (1954) also measured the radii withfa
double-image micrometer; The two sets of measurements
agree around the following values: To, 1775 km; Europa,

1550 km. |
| Interferometric measufements of the satellite radii
have been made by Michelson (1891a, b), wﬁo used a double-

slit device in front of the objective of a 12-inch aperture



refracting telescope. These observations ﬁere repeated

by Hamy (1899), who used a similar technique but with
larger slits to increase the lﬁminosity of the image. Mea-
sureménts have also been made by Danjon (1936), who used
~a half-wave interference micrometer. Systematic differ-
ences appear bétWeen the radii obtained by eéch observer.
Radii measured by Danjon are systematically smaller than
those obtained by Hamy; those measured by Michelson are
the smallest. Even so, by using an improved reduction tech-
nique, Danjon (1945) succeeded in recounciling the differ-
ent interferometric measurements to an accuracy of + 5 per-
cent. Basic assumptions in his analysis were that each’
satellite is spherical, and that its disk is uniformly-
reflective. His analysis gave the following mean radii:

. To, 1650 km; Europa, 1450 km.

Filar micrometric measurements of‘the radii of the
satellites have been made by many observers. In particu-
lar, Barnard (1895) used the Lick 36-inch aperture refractor
to make an excellent set of measureaents. He obtained the
following values for the radii: Io, 1973 % 30 km; EurOpa;
1646 + 41 km. Barngrd compared his results with the mean
values obtained from 9 sets of similar observations made
by 9 different observers. His results agree closely with
those valueé. Further measurements by Dyson (1895) agree
closely with the results obtained by Barnard.

But by far the most accurate method for obtaining
the radii of the satellites is to utilize theif rare stel-

lar occultations. On 1971 May 14, Io occulted the star



82 Scorpii. Worldwide observations of the event have been

interpreted by van Flandern (1971) in terms of the dimen-
sions of the satellite. Io appears to be spherical to an
accuracy of + 1 km, its mean diameter being 3654.8 #* 4.6 km.
Within its estimated accuracy, the prior detérmination'of
the radius of Io made using the eclipse techﬁique agrees
satisfactorily with the occultation result. No stellar

~ occultations by Zuropa have yet been observed. According to

O'Leary (1971) favorable occultations are relatively rare.
Table I summarizes the measurements of the radii
of To and Europa obtained using the different téchniques
available. We conclude, primarily on tHe basis of the: 1971
stellar occulation result, that the eclipse technique can
be used to infer satellite radii aécurate’to + 10 percent.

' In pr1nc1ple the eclipse technlque can also be- applled to

the satellites of Saturn, Uranus, and Neptune for early

_objective determinations of their radii.
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TABLE. I
SUMMARY OF PUBLISHED RADII FOR IO AND EUROPA

Method Io | Europa | . Author Date : Remarks
(km) |  (km)
Eclipse (photographic) 1700] 1500 Sampson 4 1909| Analysis of existing data.
Eclipse (photoelectric) | 1620| 1430 Harris, Kuiper _ 1961} Better agreement for Io
o a : ~if 1850 km used.
Eclipse (photoelectric)l 1650 | 1450 - | Price, et al. - 1971} Scanning used to evaluate
. ' : ' : sky background continuously.
Stellar Occultation 11827 ---- van Flandern, et al.| 1971| By far the most accurate
' (photoelectric) . A , method.
Michelson 1891| Two slits in front of objective.
Direct (interferometric) | 1650| 1450 Hamy - | 1899| As above but larger slits.
Danjonl 1936| Half-wave micrometer.
Camichel 1953 Comparison}disks.
1775] 1550 .
Direct : (visual) Dollfus « 1954| Double image micrometer.
1973 1646 Barnard, et al. - 1895| Filar micrometer - ten observers.




FIGURE CAPTIONS

Figure 1. The ingress light curve, at an effective
wavelength of 4500 X, for the eclipse of Io on 1971 Arpil 6;
comparison of theory with observation. The data are repre-
sented by the series of vertical bars, their lengths corre-
sponding to the r.m.s. photometric errors. The theoretical
curve was calculated for the case of no atmosphere on jupiter,
and a satellite radius of 1650 km. |

Figure 2. The ingress light curve, at an effective
wavelength of 5790 i, for the eclipse of Io on 1971 Aprll 6
comparison of theory with observatlon. The data are repre-
sented by the series of vertical bars, their lengths corre-
spondlng to the r.m.s. photometric errcrs The theoretical
curve was calculated for the case of no atmosphere on Jupiter,
.and a satellite radius of 1650 km. .

Figure 3. The ingress light curve, at an effective
wavelength of 4500 L, for the eclipse of Europa on 1971 April
6; comparisch of theory with observation. The data are
represented by the series of vertical bars, their lengths
corresponding to the-r;m,s. photometric errors. The theor-
etical curve was calculated for the case of no atmosphere
on Jﬁpiter, and a satellite radius of 1450 km.

‘Figure &4 . The ingress light curve, at an effective
wavelength of 5790 A, for the eclipse of Europa on 1971
April 6; comparison of theory with observation. The data

" are represented by the series of vertical bars, their lengths



corresponding to the r.m.s. photometric errors. The theor-
etical curve was calculated for the case of no atmosphere

on Jupiter, and a satellite radius of 1450 km.
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